The morphology, ultrastructure, density and distribution of trichomes on leaves of Betula pendula, B. pubescens ssp. pubescens, B. pubescens ssp. czerepanovii and B. nana were examined by means of light, scanning and transmission electron microscopy. The composition of¯avonoids in ethanolic leaf surface extracts was analysed by high pressure liquid chromatography. All taxa examined contained both glandular and non-glandular trichomes (short and/or long hairs) but differed from each other in trichome ultrastructure, density and location on the leaf. Leaves of B. pubescens were more hairy than those of B. pendula, but the latter species had a higher density of glandular trichomes. Of the two subspecies of B. pubescens, leaves of ssp. pubescens had more short hairs on the leaf surface and four times the density of glandular trichomes of leaves of ssp. czerepanovii, whereas, in the latter subspecies, short hairs occurred largely on leaf veins, as in B. nana. The glandular trichomes were peltate glands, consisting of medullar and cortical cells, which differed structurally. Cortical cells possessed numerous small, poorly developed plastids and small vacuoles, whereas medullar cells had several large plastids with well-developed thylakoid systems and fewer vacuoles. In B. pubescens subspecies, vacuoles of the glandular cells contained osmiophilic deposits, which were probably phenolic, whereas in B. pendula, vacuoles of glandular trichomes were characterized by the presence of numerous myelin-like membranes. The composition of epicuticular¯avonoids also differed among species. The two subspecies of B. pubescens and B. nana shared the same 12 compounds, but ®ve of these occurred only in trace amounts in B. nana. Leaf surface extracts of B. pendula contained just six¯avonoids, three of which occurred only in this species. In summary, the structure, density and distribution of leaf trichomes and the composition of epicuticular¯avonoids represent good taxonomic markers for Finnish birch species.
INTRODUCTION
The surfaces of leaves and of other plant organs are commonly covered by various non-glandular and glandular trichomes. Scienti®c interest in plant trichomes is based on their functional and taxonomic importance and on the economic usefulness of some trichome-generated products. When non-glandular trichomes form a dense indumentum, they may serve as a mechanical barrier against various external factors, such as herbivores and pathogens, UV-B radiation, extreme temperatures and excessive water loss (Werker, 2000) . Glandular trichomes, which secrete lipophilic substances (terpenes, lipids, waxes and¯avonoid aglycones), may provide chemical or physicochemical protection against various types of herbivore and pathogen by entrapping, deterring or poisoning them (Wagner, 1991) . The shape, size, structure and location of trichomes, and the composition of exudates produced by them, vary greatly among species and are used in plant taxonomy to distinguish between closely related species or hybrids (Spring, 2000) .
The birches (Betula L.) are common trees and shrubs of the boreal and north temperate zones of the Northern hemisphere. The taxonomy of the European members of the genus has long been in dispute because of their high morphological variability and frequent hybridization (Atkinson, 1992) . Dif®culties in distinguishing between closely related birch species have prompted numerous biometric and chemotaxonomic studies. The former have been based mainly on morphological characteristics of birch leaves and fruits (reviewed in Atkinson, 1992) , and the latter on the composition of phenolics (particularly¯avonoids) and terpenoids in birch leaves, buds, bark and stems (reviewed in Keina Ènen et al., 1999) . The leaves and young shoots of some birch species (e.g. B. pubescens) are covered by hairs, whereas other species (e.g. B. pendula and B. papyrifera) are characterized by the presence of peltate glands on leaves and on the bark of young twigs (Lapinjoki et al., 1991) . Detailed studies have been conducted on birch stem gland structure (Lapinjoki et al., 1991; Raatikainen et al., 1992) , exudate composition and functional importance (Reichardt, 1981; Reichardt et al., 1984; Rousi et al., 1991; Tahvanainen et al., 1991) . The resins produced by these glands have been shown to consist of a mixture of phenolics and steroidal triterpenoids (Reichardt et al., 1984; Tahvanainen et al., 1991) ; they act as important deterrents against mammalian herbivores, especially hares (Reichardt et al., 1984; Rousi et al., 1991) . In contrast, despite the potential ecological and taxonomic importance of birch leaf trichomes, no detailed studies or among-taxa comparisons of their morphology and ultrastructure or the composition of their exudate have been carried out to date.
The aim of the present study was to investigate whether the structure, density and distribution of leaf trichomes and the composition of epicuticular¯avonoids could be used to distinguish Finnish birch taxa (Betula pendula, B. pubescens ssp. pubescens, B. pubescens ssp. czerepanovii and B. nana). The phytochemical work focused on¯avonoids because they are one of the most common groups of compounds found on the leaf surface of various plants (Wollenweber et al., 1991 (Wollenweber et al., , 1998 Stevens et al., 1995; Grayer et al., 1996; Juma et al., 2001 ) and because of the ecological importance of these compounds as UV radiation ®lters (Markham and Mabry, 1975) , antioxidants (Husain et al., 1987) , and feeding attractants or repellents for herbivores (Harborne, 1991) . In addition, the presence of¯avonoid aglycones on birch leaf surfaces has been reported earlier by Keina Ènen and Julkunen-Tiitto (1998).
MATERIALS AND METHODS

Study species
Three species of birch are generally acknowledged to be native in Finland (Kallio et al., 1983) : silver birch (B. pendula Roth), dwarf birch (B. nana L.) and the B. pubescens Ehrh. complex with two subspecies, white birch (B. pubescens ssp. pubescens Ehrh.) and mountain birch {B. pubescens ssp. czerepanovii (Orlova) Ha Èmet-Ahti [syn. B. pubescens ssp. tortuosa (Ledeb) Nyman]}. The latter subspecies is believed to be the result of introgressive hybridization between B. pubescens and B. nana (Kallio et al., 1983) . Both silver birch and B. pubescens belong to subsection Albae of the genus Betula; however, silver birch is a diploid, with 28 chromosomes, whereas B. pubescens is a tetraploid, with 56 chromosomes. Silver birch and white birch are early-succession tree species common in southern and central Finland, whereas mountain birch is a climax species at the tree line in northern Fennoscandia. Dwarf birch belongs to the Nanae subsection of genus Betula and is a diploid (2n = 28); in the south it is a shrub restricted to moist sites (e.g. bogs), but in the northern part of Fennoscandia, and especially above the tree line, it is much more common.
Experimental trees
The trees of B. pendula used in this study represent ®ve different clones (Table 1) , micropropagated in 1991 from mother trees growing in southern Finland and transplanted in 1994 to the ®eld in the Botanical Garden of the University of Turku (60°26¢N, 22°10¢E, (Poteri et al., 2001) . At the time of this study trees were 10 years old. Trees of B. pubescens ssp. pubescens originated from seeds of mother trees from two sites in southern Finland (Table 1) ; the trees of B. pubescens ssp. czerepanovii were from six different provenances in Norway and Finnish Lapland (Table 1 ; Sulkinoja and Valanne, 1987) . Germination and seedling growth took place in a glasshouse belonging to the Department of Biology, University of Turku, from where seedlings were transplanted into the ®eld in the Botanical Garden of the University of Turku. At the time of this study trees were 20 and 21 years old (mountain birch and white birch, respectively). The plants of B. nana were growing wild in a bog near the Kevo Subarctic Research Station, northern Finland (Table 1) .
Microscopy
One leaf was collected from one short shoot of three trees of each clone or provenance in early May 2001. Very young birch leaves (approx. 1 cm in length), which were very sticky, indicating high activity of glandular trichomes, were used. Leaves of B. nana were collected in late July and were Samples were then critical-point dried using CO 2 (Polaron, Watford, UK), mounted on aluminium stubs, sputtered with gold±palladium under vacuum (SEM Coating Unit E 5100; Polaron) and examined using SEM (JEOL JSM ± 5200) at Q75, Q150, and Q200 magni®cation.
Trichome number
Six young leaves (1 cm in length) from each of the ®ve trees from each clone or provenance were sampled in early May 2001 to determine the density of glandular trichomes. Leaves were placed on microscope slides in a drop of glue, pressed against the glass, and carefully removed after 1 min. This method resulted in transparent replicas of the adaxial (upper) and abaxial (lower) leaf surface. Densities of glandular trichomes were then counted from these replicas under a light microscope from three frames (0´65 Q 0´65 mm 2 ) per leaf using systematic uniform random sampling (Kubinova, 1994) . Results are expressed as means T s.d. of counts per mm 2 . The exact density of non-glandular trichomes was not calculated because of their uneven distribution within a leaf and the high variation within and between leaves, trees and provenances. Instead, the abundance of leaf hairs on leaf surfaces or veins was scored for each sample under a light microscope. Leaf hairs were classi®ed as absent, sparse, fairly abundant and very abundant. The above scoring was conducted only for the upper leaf surface because leaf hairs were very sparse on lower side of the leaf (except on veins).
Extraction, analysis and identi®cation of leaf surface¯avonoids
Ten leaves from ®ve trees per clone or provenance were collected in May 2001 (at the same time as leaves were sampled for microscopy). Ten leaves from each of the 30 trees of B. nana were collected on 13 Jun. 2001. After sampling, all leaves were frozen and stored at ± 80°C. Five leaves from each tree were used for chemical analyses, while the remaining ®ve were dried at 70°C for 48 h, and dry weight was recorded. Leaf surface¯avonoids were extracted by immersing each leaf in 10 ml 95 % ethanol for 20 s. Ethanolic extracts were ®ltered through 0´45-mm PTFE ®lters and analysed using HPLC-DAD at 200, 280, 315 and 349 nm. The HPLC system (Merck-Hitachi, Tokyo, Japan) consisted of a pump L-7100, a diode array detector L-7455, a programmable autosampler L-7200 and an interface D-7000. The column was Superspher 100 RP-18 (75 Q 4 mm i.d., 4 mm; Merck, Darmstadt, Germany) and the eluents CH 3 CN (A) and 0´05 M H 3 PO 4 (B). The elution pro®le was as follows: 0±3 min, 2 % A (isocratic); 3±22 min, 2±20 % A in B (linear gradient); 22±30 min, 20±30 % A in B (linear gradient); 30±35 min, 30±45 % A in B (linear gradient); 35±37 min, 45±70 % A in B (linear gradient); 37±45 min, 70 % A (isocratic) at a¯ow rate 1 ml min ±1 .
Mass spectra of surface¯avonoids of each species were acquired using HPLC±ESI±MS in the negative ion mode using a Perkin-Elmer Sciex API 365 triple quadrupole mass spectrometer (Sciex, Toronto, Canada). Chromatographic and ESI±MS conditions were the same as those described by Salminen et al. (1999) . Compounds were identi®ed on the basis of their UV and mass spectra, and retention times when co-eluted with authentic reference compounds. Mass spectral identi®cation was based on the m/z value of the deprotonated molecule [M±H] Ð , and on the fragment ion corresponding to [M±H±CH 3 ] Ðd when the compound contained a methoxyl group (Justesen, 2001) .
Individual¯avanones were quanti®ed at 280 nm as naringenins,¯avones at 349 nm as apigenins, luteolins or acacetins, and¯avonols at 349 nm as kaempferols or quercetins, using the corresponding aglycones as external standards.
Statistical analyses
Statistical analyses were carried out using SPSS 10.0 for Windows. The chi-square test followed by the Mann± Whitney U test was used to compare ultrastructural parameters among birch taxa. For analysis of the density of glandular trichomes, the general linear model (GLM) repeated-measures procedure was used, with leaf side (upper or lower) as a within-subject factor and taxa as a between-subject factor. Following established practice in the ecological literature, the term`concentration' is used to refer to the mass of a particular compound per unit of leaf mass (mg g ±1 d. wt; Koricheva, 1999) , although the chemically correct term would be`content'. Among-species differences in total concentration of surface¯avonoids were examined by univariate analysis of variance. Tukey's multiple range test was used for comparisons among means.
RESULTS
Trichome types, number and distribution on a leaf
All birch taxa studied possessed both glandular and nonglandular trichomes on leaves. Non-glandular trichomes were either short or long hairs. Long hairs could exceed 1 mm in length (Fig. 1A and B) , whereas the length of short hairs was 50±100 mm for all taxa (Fig. 1C and D) except for B. nana where they were half this length. The abundance of leaf hairs and their distribution within a leaf differed among the birch taxa studied (Table 2) . Short hairs were more abundant on the upper leaf surface of the two B. pubescens subspecies (Fig. 1C ) than on B. pendula, and were absent from the leaf surface of B. nana (Table 2) . Instead, B. nana leaves, as well as those of B. pubescens ssp. czerepanovii, possessed numerous short hairs on veins (Fig. 1D ), whereas only a few short hairs occurred on veins of B. pubescens ssp. pubescens leaves ( Table 2) . Veins of B. pendula had no short hairs but did possess some long hairs (Fig. 1A) , as did the leaf veins of the two B. pubescens subspecies (Fig. 1B) . In addition, both subspecies of B. pubescens had some long hairs on their leaf surfaces (Fig. 1C) , unlike other birch taxa studied (Table 2) . Glandular trichomes occurred on the leaf surface and on veins on both sides of the leaf (Fig. 1) . The glandular trichomes of B. nana were sunk in the epidermis ( Fig. 2A) , whereas the trichomes of other birch species were raised above it (Fig. 2B) . The density of glandular trichomes was higher on the lower than on the upper side of the leaf, and decreased in the order: B. pendula > B. pubescens ssp. pubescens > B. pubescens ssp. czerepanovii (P < 0´0001; Table 2 ).
Ultrastructure of glandular trichomes
The glandular trichomes of birch leaves belong to the peltate type and consisted of cortical and medullar cells, tightly covered by cuticle, which had no ruptures in young trichomes (Fig. 2C) . The cytoplasm of medullar cells, ®xed in osmium tetroxide, stained more deeply with toluidine blue than that of cortical cells (Fig. 2B) . Microscopic examination revealed structural differences between cortical and medullar cells of birch glandular trichomes (Table 3) . The cortical cells in all taxa possessed small plastids (Fig. 3A) with homogeneous stroma, without developed internal membrane systems (Fig. 4A) , whereas the medullar cells had large plastids (Fig. 3A) with welldeveloped thylakoid systems ( Fig. 5A and D) . The cortical cells were more vacuolated and had periplasmic space, whereas medullar cells had few vacuoles and no periplasmic space ( Figs 2C, 3B and C) . The glandular trichomes of B. pendula had signi®cantly more cells with small vacuoles than those in either subspecies of B. pubescens (Fig. 3B) , and periplasmic space was not present in the cortical cells of B. pubescens ssp. czerepanovii (Fig. 3C) . Rough endoplasmic reticulum (RER) was present in both cortical (Fig. 4B) and medullar (Fig. 5D ) cells of birch glandular trichomes. There were areas of RER with double cisternae and also large areas where cisternae had fused (Fig. 4B) . Close association of RER with plastids, the Golgi apparatus and mitochondria was found (Fig. 4A) . Vesicles containing substances and multivesicular bodies, which appeared as vacuoles containing vesicles set in lucent matrix, were found near the RER (Figs 4A, B and 5D). Nuclei with nucleoli occurred in both cortical and medullar cells of birch trichomes (Fig. 6) . Osmiophilic material was localized in vacuoles [either on the boundary with the cytoplasm (Fig. 5A ) or inside vacuoles forming whorls (Fig. 5C) ], but it was absent from periplasmic and subcuticular spaces. Medullar cells of B. pubescens ssp. pubescens and B. pubescens ssp. czerepanovii possessed more osmiophilic material than did the cortical cells (P = 0´001 and 0´067, respectively; Fig. 3D ), but no osmiophilic material was found in trichomes of B. pendula. Lipid droplets of varying size occurred in vacuoles (Fig. 5B ) and in cytoplasm near plastids and RER (Fig. 5D ) in 10±20 % of glandular trichome cells in all taxa, and there were no differences in their occurrence between cortical and medullar cells (P > 0´414). In some cases, lipid droplets were fused with periplasmic space, which commonly contained lipid-like material (Fig. 5B) . Myelin-like membranes were numerous in small vesicles, vacuoles (Fig. 7A ) and periplasmic space ( Fig. 7A and B ) in cortical cells of B. pendula trichomes, but were less abundant in medullar cells of this species and were completely absent from glandular trichomes of B. pubescens subspecies. Electron-dense droplets of varying size were present in vacuoles near myelin-like membranes (Fig. 7A) . F I G . 4. TEM micrographs of cortical cells of glandular trichome of B. pubescens ssp. czerepanovii. A, Plastids (P) with homogeneous stroma, without a developed internal membrane system, are common in the cytoplasm of cortical cells. Note association of plastids with endoplasmic reticulum (arrows), Golgi apparatus (G) and mitochondria (M). Numerous vesicles (arrow heads) are present near endoplasmic reticulum and Golgi apparatus. Bar = 1 mm. B, Rough endoplasmic reticulum with double cisternae (small arrows) and a large area of cisternae fusion (arrow heads). Numerous vesicles (large arrows), a multivesicular body (which represents a vacuole containing vesicles set in a lucent matrix; MVB) and mitochondria (M) are present near rough endoplasmic reticulum. Bar = 1 mm.
Identi®cation of leaf surface¯avonoids
The leaf surface compounds detected in this study (Table 4) were ®rst classi®ed on the basis of their UV spectra as¯avanones (1, 7 and 13),¯avonols (3, 4, 10 and 14) and¯avones (2, 5, 6, 8, 9, 11, 12 and 15) , although some of the compounds identi®ed as¯avones could have been¯a produce radical anions [M±H±CH 3 ] Ðd by fragmentation of the aglycones in ESI±MS (Justesen, 2001 ). Accordingly, m/z values corresponding to the loss of a methyl group from the de-protonated molecules ([M±H±CH 3 ] Ðd ) of 4, 7, 8, 10, 11 and 12 were observed. Therefore, these¯avonoids were shown to carry at least one methyl group attached to some of their hydroxyl functions, thus forming a methoxyl group. On the basis of the above information, and cochromatography with authentic standards,¯avonoids 1, 2, 3 and 8 were identi®ed as naringenin, apigenin, kaempferol and acacetin, respectively. Compounds 4, 7 and 10 were tentatively identi®ed as¯avonol methyl ether,¯avanone methyl ether and¯avonol methyl ether, respectively. Their UV and mass spectra would ®t those of quercetin methyl ether, naringenin methyl ether and kaempferol methyl ether, but without 1 H-NMR analysis or co-chromatography with authentic standards these structures could not be con®rmed. Flavonoids at retention times similar to those of 5 and 6 have previously been classi®ed as luteolin derivatives of B. pendula leaves (Keina Ènen and Julkunen-Tiitto, 1998). Indeed, their UV spectra, with two maxima in the region 251±271 nm, were characteristic of luteolin. However, as luteolin is a tetrahydroxy¯avone, the m/z value of compound 6 implied that it was a dimethyl ether of a pentahydroxy¯avone derivative. Flavonoid 9 has been identi®ed by Keina Ènen and Julkunen-Tiitto (1998) as an apigenin (trihydroxy¯avone) derivative. However, with a molecular mass of 314, compound 9 clearly cannot be a trihydroxy¯avone, but rather must be a tetrahydroxy¯avone dimethyl ether. On the basis of the molecular mass of avonoid 11, it also has two hydroxy-and two methoxygroups. The UV spectrum (266, 346 nm) suggests that it is a 3-methyl ether of a kaempferol derivative (and thus ā avonol dimethyl ether). Compound 12 was identi®ed as a pentahydroxy¯avone trimethyl ether. Keina Ènen and Julkunen-Tiitto (1998) have identi®ed¯avonoids 13±15 as avanone, apigenin derivative and kaempferol derivative, respectively. The present data support these ®ndings, except that the elution order of apigenin and kaempferol derivatives was reversed. Therefore, compounds 14 and 15 were tentatively identi®ed as a kaempferol derivative and an apigenin derivative, respectively.
Among-species differences in the composition of leaf surfacē avonoids
There were clear differences in the composition of leaf surface¯avonoids in the four birch species (Table 5) . However, the differences between the two subspecies of B. pubescens were only quantitative: B. pubescens ssp. pubescens had a signi®cantly higher total concentration of surface¯avonoids (Table 5 ; P = 0´0001) than B. pubescens ssp. czerepanovii. The leaf surface of B. nana contained the same 12¯avonoids as that of B. pubescens subspecies, but ®ve of these compounds (1, 4, 7, 13 and 15) were present only in trace amounts in B. nana. As a result, the total concentration of surface¯avonoids was lower in B. nana than in the two B. pubescens subspecies (Table 5) . Only six avonoid compounds were found on the leaf surface of B. pendula, and three of these (5, 6 and 9) occurred only in this species. The total concentration of surface¯avonoids in B. pendula was lower than that in other birch taxa examined (Table 5) .
DISCUSSION
This paper represents the ®rst detailed comparative analysis of leaf trichome morphology and ultrastructure in Finnish birch species. All taxa examined contained both glandular and non-glandular trichomes, but the structure, density and distribution of trichomes on leaves differed among taxa. Taxa with more hairy leaves possessed fewer glandular trichomes, and vice versa. Similarly, within a single species, the upper leaf surface, which had a lower density of glandular trichomes, usually had more leaf hairs than the lower surface. The structure, density and distribution of trichomes on leaves of different birch taxa appeared to re¯ect the degree of their taxonomic relatedness. For instance, B. pubescens ssp. czerepanovii is believed to be the result of introgressive hybridization between B. pubescens and B. nana (Kallio et al., 1983) , and its leaves displayed characteristics of both parent species having a high density of short hairs on the leaf surface, as well as long hairs, as in B. pubescens ssp. pubescens, and having numerous short hairs on veins as in B. nana.
In general, the structure of birch leaf glandular trichomes resembled that of resin glands on stems of B. pendula (Raatikainen et al., 1992) : both represent peltate glands consisting of medullar and cortical cells. In all the taxa studied, cells of young birch glandular trichomes were characterized by many traits indicative of high metabolic activity, e.g. the presence of nucleoli in nuclei, the occurrence of RER, lipid droplets, numerous plastids and small vacuoles. Similar structures have been observed in glandular trichome cells of other plant species. For instance, RER has commonly been found in glandular trichomes producing terpenoids and is believed to play a main role in the biosynthesis, accumulation and secretion of terpenes (Gunning and Steer, 1975; Skubatz et al., 1995) . Lipid droplets and multivesicular bodies, similar to those in birch leaf trichomes, have also been found in trichomes producing terpenes (Ascensa Äo and Pais, 1998) . Structurally, the small, poorly developed plastids found in cortical cells of birch trichomes resembled leucoplasts in oil idioblasts of a Curcuma longa shoot (Cheniclet and Carde, 1985) . Analytical and structural studies, which were performed on 45 species of higher plants, showed a very close correlation between the presence of leucoplasts in secretory cells and the amount of monoterpenes in the volatile extract (Cheniclet and Carde, 1985) . Moreover, key enzymes of monoterpene biosynthesis have been found in plastids, particularly in leucoplasts (Gleizes et al., 1983; Soler et al., 1992) . In the present work, cortical cells were found to possess numerous small vacuoles and periplasmic spaces ®lled by secreted material (Table 3) ; periplasmic spaces have, similarly, been reported in birch resin glands (Raatikainen et al., 1992) and in leaf glandular trichomes of other species (Ascensa Äo and Pais, 1998; Fahn, 2000) . In contrast to cortical cells, medullar cells contained few vacuoles, large amounts of osmiophilic material located in vacuoles (in B. pubescens subspecies), large plastids with well-developed thylakoids, and had no periplasmic space (Table 3) . Moreover, the medullar cells were more osmiophilic than cortical ones, indicating phenol-containing areas in cytoplasm (Nielson and Grif®th, 1978) . The presence of phenolics in medullar cells of birch glandular trichomes has been demonstrated by¯uorescence microscopy (Pa Èa Èkko Ènen et al., 1998) . These ultrastructural differences between the cortical and medullar cells may suggest functional distinction within the trichome.
The main difference among the birch species studied in terms of glandular trichome ultrastructure was that the glandular trichomes of B. pendula contained numerous myelin-like osmiophilic membranes in small vesicles, vacuoles and in the periplasmic space, whereas those of B. pubescens subspecies possessed large amounts of osmiophilic material in vacuoles (Table 3) . In mammals, myelin-like membranes, which contain mainly phospholipids, have been studied in alveolar secretory cells of the lung (Ghadially, 1988) . In plants, similar structures have been found in the early secretion stage of cortical cells in the stem resin glands of B. pendula (Raatikainen et al., 1992) , and it has been suggested that they represent a stage at which papyriferic acid and related triterpenes or their precursors are integrated into cytoplasmic membranes (Raatikainen et al., 1992) . The osmiophilic material, which was common in vacuoles of glandular cells of B. pubescens, is likely to represent phenolics, containing o-dihydroxy groups (Nielson and Grif®th, 1978) . Osmiophilic deposits have been found exclusively in vacuoles, but not in periplasmic or subcuticular spaces, indicating that the material is not secreted with exudates, but is stored inside glandular trichome cells. In contrast to stem resin glands of the same species, leaf glandular trichomes of B. pendula lacked osmiophilic material in vacuoles (Raatikainen et al., 1992) . Such an ultrastructural difference between leaf and stem glands in silver birch may indicate a different chemical composition of exudates produced by the two gland types.
Chemical analyses of birch leaf surface extracts revealed a number of¯avonoid aglycones, some of which have previously been detected from the leaf surfaces of B. pendula and B. pubescens (Keina Ènen and JulkunenTiitto, 1998) and from the bud exudates of B. nigra (Wollenweber et al., 1991) . The present study demonstrates that B. pendula differs considerably from the other species in its composition of epicuticular¯avonoid aglycones, whereas B. nana and the two subspecies of B. pubescens share the same compounds. The localization of¯avonoid aglycones in leaf glandular trichomes has been demonstrated in several plant species (Wollenweber et al., 1992; Voirin et al., 1993; Bosabalidis et al., 1998) . Flavonoid aglycones are lipophilic compounds and commonly occur along with the resinous and sticky material in which they are dissolved (Wollenweber, 1995) . Therefore, they may be dissolved in lipid droplets or phospholipids of myelin-like membranes. Moreover, myelin-like membranes evolve from endoplasmic reticulum (Ghadially, 1988) , with which are associated the enzyme complexes of phenylpropanoid and¯avonoid synthesis (Hrazdina and Wagner, 1985) . The presence of lipid droplets fused with periplasmic space and the occurrence of numerous vesicles and periplasmic space ®lled with myelin-like membranes suggest the transport of exudates by vesicles, which is a common means of secretion of lipophilic compounds (Fahn, 2000) .
In conclusion, the structure, density and distribution of trichomes on leaves and the pro®les of epicuticular avonoids differ markedly among Finnish birch species, especially between B. pubescens and B. pendula. It can be dif®cult to distinguish the latter species on the basis of other morphological characteristics (Atkinson, 1992) ; thus, ultrastructural studies of trichomes and the chemical composition of the birch leaf surface may provide a useful taxonomic tool.
